Wolbachia is an intracellular obligate symbiont, that is relatively common in insects and also found in some nematodes. Cytoplasmic incompatibility (CI) is the most commonly expressed form, of several sex altering phenotypes caused by this rickettsial-like bacterium. CI is induced when infected males mate with uninfected females, and is likely the result of bacterial-induced modification of sperm grown in a Wolbachia-infected environment. Several studies have explored the dynamics of Wolbachia bacteria during sperm development in Drosophila. This study confirms and extends these earlier investigations of Wolbachia's distribution and proliferation in male germ cell lines. We examined Wolbachia population dynamics during testis development of Drosophila simulans (Riverside) by studying their distribution during the early mitotic divisions of secondary spermatogonial and subsequent meiotic cyst cells. Wolbachia are found in lower concentration in spermatogonial than in spermatocyte cells. Cytoplasmically incompatible crosses result in low levels of viable embryos despite the occurrence of fairly high levels of uninfected cysts. During meiotic divisions Wolbachia organize themselves at the poles during prophase and telophase but arrange themselves in equatorial bands during metaphase and anaphase. Moreover, during meiosis Wolbachia are asymmetrically divided between some daughter cells. There is no strong relationship between the fusome and Wolbachia and we have not found evidence that bacteria cross the ring canals. Wolbachia were observed at the distal and proximal sides of individualization complexes. Multiple altered sperm structures were observed during the process of individualization of infected sperm.
Introduction
Wolbachia are rickettsial-like bacterial endosymbionts that have been commonly detected in arthropods and recently also identified in filarial nematodes (Sironi et al., 1995; Bandi et al., 1998) . Wolbachia are of interest because of the different sex altering phenotypes they induce: cytoplasmic incompatibility in most of the insects they infect, feminization in isopods, parthenogenesis in hymenopteran wasps, and male-killing in Coleoptera, Drosophila, and Lepidoptera (for recent reviews see Stevens et al., 2001; Hurst and Jiggins, 2000; Stouthamer et al., 1999; McGraw and O'Neill, 1999) .
Cytoplasmic incompatibility (CI), the most commonly identified phenotype induced by Wolbachia, is displayed when infected males mate with uninfected females, a cross that results in few to no offsprings, while the reciprocal and all other possible crosses are fully fertile. However, not all strains of Wolbachia are capable of inducing CI. Various strains have been identified in different species of Drosophila as well as other insects, whose capacity to induce CI ranges from nearly 100% to 0% (e.g. O'Neill and Karr, 1990; Giordano et al., 1995 Giordano et al., , 1997 . The mechanism by which Wolbachia bacteria successfully manipulate their host's reproductive potential is not known. Mature sperm from infected males trigger CI in uninfected embryos eventhough they are normally devoid of cytoplasmic organelles, including organisms such as Wolbachia (Binnington and Hoffmann, 1989; Bressac and Rousset, 1993; Snook et al., 2000) . It has been proposed that infected sperm may be modified by Wolbachia during the maturation process, resulting in their inability to successfully fertilize uninfected eggs. In cytoplasmically incompatible crosses, subsequent to the normal penetration of an uninfected egg, the chromatin of sperm matured in a Wolbachiainfected testis does not decondense and fuse properly with maternal chromatin, resulting in the abnormal migration of paternal chromosomes and eventual death of the embryo (Callaini et al., 1996 (Callaini et al., , 1997 Lassy and Karr, 1996; Tram and Sullivan, 2002) .
Because of the facility of rearing and ready availability of Drosophila stocks, several strains of Wolbachia have been detected, between and within species of this genus, that exhibit differing levels of incompatibility. Some examples are Drosophila simulans (Hawaii) (DSH) and D. simulans (Riverside) (DSR) (Hoffman and Turelli, 1988; O'Neill and Karr, 1990 ) which can cause severe CI, Drosophila melanogaster and Drosophila sechellia that show intermediate to low CI, and Drosophila mauritiana, infected with a Wolbachia strain that does not express CI (Boyle et al., 1993; Giordano et al., 1995) .
The transfer of Wolbachia bacteria across Drosophila species have shown that CI is influenced by factors such as host age, mating history, larval environment, and heat shock, and that the expression of CI is both host-and symbiont-dependent (Boyle et al., 1993; Giordano et al., 1995; Hoffman et al., 1996; Bourtzis et al., 1998; Poinsot et al., 1998; Mercot and Poinsot, 1998; James and Ballare, 2000) .
Microscopic observations in Drosophila and several other species of insects have suggested that levels of Wolbachia in testes are correlated with levels of CI expression (Bressac and Rousset, 1993; Boyle et al., 1993; Bourtzis et al., 1996; Poinsot et al., 1998; Clark et al., 2003) . If infected sperm is modified during spermatogenesis, how do Wolbachia strains that induce different levels of CI differ in the manner they influence spermatogenesis?
Sperm formation in Drosophila occurs by two distinct steps: spermatogenesis and spermiogenesis. During spermatogenesis a germ line stem cell divides asymmetrically to produce a primary spermatogonium, that after four incomplete mitoses gives rise to a progeny of 16 primary spermatocytes. Spermatocytes are connected by cytoplasmic bridges and reside in a common cyst delimitated by two large and flat somatic cyst cells. After a growth period in which the spermatocytes increase several times their volume, they undergo two rounds of meiotic divisions to form cysts of 64 interconnected spermatids (Fuller, 1993) . Spermiogenesis is a complex process that involves a series of elaborate transformations of the spermatid components. These dramatic transformations from an immotile to a motile cell include chromatin condensation, cell and axoneme elongation, mitochondrial rearrangement, and sperm individualization (Fuller, 1993) . After elongation the syncytial spermatids must be individualized to become mature sperm. Cytoplasmic bridges are broken and the excess cytoplasmic material within the flagella is sequestered, whereas mitochondrial derivatives are remodelled (Fuller, 1993) . This process is mediated by 64 distinct conical complexes, or individualization complexes (ICs) (Tokuyasu et al., 1972) , mainly composed of actin (Fabrizio et al., 1998) , that translocate along the length of the spermatid bundles from the nuclei to the tail ends.
Microscopic observations of CI and non-CI causing strains show that severe CI-inducing Wolbachia strains such as those found in DSR, and DSH, display high numbers of bacteria in spermatids and spermatocytes, while in non-CI expressing lines such as DSW(Ma), Noumea, Queensland and Kili, Wolbachia are low in numbers and display a heterogenous pattern of infection (Clark et al., 2002 (Clark et al., , 2003 . It has been shown that Wolbachia are present in sperm cysts during mitosis, but levels of bacteria attained by the 16-cell stage from those present at the end of meiosis could not be differentiated. Leading the authors to conclude that Wolbachia's rate of bacterial division does not keep up with the host's rate of cyst development (Clark et al., 2002) . In addition, during the process of spermatid elongation the majority of Wolbachia were seen to accumulate at the distal end of the spermatocytes with an additional smaller patch close to the nuclei (Clark et al., 2002) . Observations of Wolbachia bacteria during testis development showed that levels of bacteria present in whole testis of third instar larvae of DSR was not different from levels found in cysts of equivalent stage of newly eclosed adults. Heterogeneity in Wolbachia numbers has been observed in the early stages of cyst development of both larvae and adults, but it could not be determined whether these reflect true differences between cysts or merely differences resulting from cysts observed simultaneously at different stages of development. However, these differences were no longer observed by the time cysts began to elongate (Clark et al., 2002) . Wolbachia numbers were seen to increase in cysts during pupal development, reaching their highest level at the time of eclosion and thereafter decreasing, and at times resulting in complete lack of infected cysts with the onset of age (Clark et al., 2002) . Wolbachia bacteria were also observed in various somatic tissues surrounding the testis, namely the circumferential muscle cells and terminal epithelial cells. Levels of Wolbachia in these tissues were highest in older males. It was not clear whether this increase is the result of in situ bacterial replication or migration from other cells (Clark et al., 2002) . The above study concluded that, the testis of nearly all young DSR adult males are infected with Wolbachia, while older males display high heterogeneity for infection. Therefore, the authors suggested that some cysts may have descended from a spermatogonial cell that lost infection at some point during the process of gonial development (Clark et al., 2002) . In an analysis of D. melanogaster (Bermuda) (DMB), a line that displays relatively high CI, Wolbachia bacteria were not seen to group themselves at the distal end of the spermatocyst as in DSR, instead they were observed either at the periphery of cysts or in somatic cells between spermatocytes within cysts. The distribution of Wolbachia within a cyst cell cytoplasm of DMB was found to be heterogenous. No accumulation of bacteria was reported at the distal end of the axoneme and bacterial proliferation was not seen at the onset of cyst elongation as in DSR but only became apparent during cyst elongation (Clark et al., 2002) . One way in which the role of Wolbachia during the process of spermiogenesis can be understood, is to compare its behavior in different strains that express differing levels of CI. Clark et al. (2003) , conducted such a study, and in addition used Drosophila lines with different Wolbachia strains and reciprocally introgressed them. These studies showed that CI is a Wolbachia-specific trait and if a given bacterial strain is capable of inducing CI it will do so regardless of genetic background, at least as it pertains to the Drosophila strains used in this study. However, host genotype can influence Wolbachia growth and as such affect the degree of CI expression.
These studies led to the conclusion that Wolbachia infection could result in three different types of cysts: those with spermatocytes/spermatids that are infected with Wolbachia; cysts where Wolbachia bacteria are found in the somatic tissues, and cysts that are devoid of Wolbachia. From these observations Clark et al. (2003) defined the basic unit of CI as the Wolbachia-infected spermatocyte/spermatocyst (WISS) and proposed the WISS hypothesis (WISSH) whereby the degree of CI expression is a result of the presence and number of WISS+ cysts.
The work herein, which confirms and expands on the findings outlined above, consists of a set of observations made using immunofluorescence and ultrastructural methods that describe the population dynamics of Wolbachia bacteria in DSR from spermatogenesis to sperm formation. We have studied the dynamics of Wolbachia distribution during the mitotic divisions of the secondary spermatogonia, the relationship between bacteria density in these cells as well as during further developmental meiotic stages of germ cells. We also describe that Wolbachia bacteria are associated with the astral microtubules of the meiotic spindle during prophase and telophase but not during metaphase and anaphase. Moreover, we use TEM observations to describe how Wolbachia are eliminated from the fully elongated spermatids and how these bacteria influence the process of sperm maturation.
Results

Wolbachia dynamics during testis development
Simultaneous Hoechst and anti-tubulin staining revealed that in cysts at various stages of development, containing 2, 4, 8 or 16 secondary spermatogonia, Wolbachia numbers progressively decreased beginning from the second instar larval stage up until emergence from the puparia (Table 1) . During the second larval instar 31.7% of secondary spermatogonial cysts were not infected (Fig. 1A) , and their numbers increased with the age of the host ( Table 1 ). Cysts that were infected displayed high heterogeneity, with cells within a cyst lacking Wolbachia (Fig. 1B) . Surprisingly, in the following stage [S1, Fig. 1C )], we observed that the number of spermatocytes harbouring Wolbachia was higher (88.2%) than that of uninfected spermatocytes (11.8%), this pattern was also observed in S2-S6 spermatocytes (Fig. 1D) (Table 1) . However, the number of infected cysts observed in spermatocytes in successive pupal and adult stages was lower than that observed in the previous larval II and III stages (Table 1) . A close examination of primary spermatocytes in pupae, before meiosis, revealed that Wolbachia density was lower in S1 spermatocytes, where a mean of 4-5 bacteria were found per infected cell (n = 229) (Fig. 1C) , than in infected S2-S6 spermatocytes where a mean of 30-32 bacteria (n = 419) were observed (Fig. 1D ). In the pupal stage, clusters of bacteria were often found within somatic cells located at the tip of the testis, these in turn are proximal to germ cell cysts that may be devoid of Wolbachia ( Fig. 2A) .
Cyst heterogeneity, i.e., the presence within the same germ cell cyst of infected and uninfected cells, observed from the second instar larval stage was more evident during the pupal stage (Fig. 2B ). The degree of heterogeneity ranged from cysts that showed only a few uninfected cells to cysts in which only one or two cells were infected. Moreover, the distribution of Wolbachia within the cytoplasm of cells was not uniform, this heterogeneity during spermatogenesis was reflected in the small patches of bacteria later observed in maturing sperm bundles. In addition, upon division, sister cells inherited unequal numbers of bacteria (Fig. 2B, arrows) .
To investigate if Wolbachia relocalization within developing spermatocytes could be related to the fusome, we stained germ cells with rh-phalloidin to evidence the Factin fraction contained in this membranous organelle.
These observations failed to reveal any distinct relationship between bacteria distribution and fusome localization (Fig. 2C ). This suggests that the transit of Wolbachia through the cytoplasmic bridges, that link sister germ cells, is unlikely to occur. Consistently, observations of primary spermatocytes using transmission electron microscopy (TEM) did not reveal the presence of Wolbachia through the ring canals (not shown).
It has been proposed that Wolbachia densities within developing germ cell cysts decreases with the progression of the host's development (Bressac and Rousset, 1993; Clark et al., 2003) . During the pupal stage infected cysts of meiotic spermatocytes and post-meiotic elongating spermatids were more frequently encountered than uninfected cysts (Table 1) . By contrast just emerged adults showed more uninfected meiotic and post-meiotic stages. Thus the ratio between infected vs uninfected spermatid bundles was lower in just emerged adults, than the ratio between infected vs uninfected cysts of elongating spermatids found in the late pupal stage (Table 1 ). This finding is unexpected since spermatids from the pupal stage transform in elongated sperm bundles in the adult, and therefore should display similar ratios of infected vs uninfected cysts. It is also intriguing that the ratio between infected vs uninfected cysts of meiotic spermatocytes in just emerged males was lower than the value obtained in late pupae for the S2-S6 pre-meiotic spermatocytes. Among 357 fully elongated spermatid bundles examined from just emerged males, 84.8% were infected and 15.2% were uninfected.
Wolbachia and the meiotic spindle
Foci for astral microtubules, nucleated by small centrosomes containing short centriole pairs were barely detectable in growing spermatocytes. As the growth phase proceeded, the asters increased in size and the microtubule network become more evident. During this stage, bacteria were diffused in the cell cytoplasm without any distinct accumulation at the centrosome (Fig. 1D) . When centrosomes migrated at the opposite poles of the nucleus during prometaphase and the asters became prominent, the bacteria disposed in longitudinal parallel rows around the nuclear region as if they were following microtubular tracks (Fig. 3A) . During metaphase (Fig. 3B ) the bacteria were redistributed in a large equatorial band, that narrowed as anaphase progressed (Fig. 3C) . During late anaphase the equatorial accumulation of the bacteria was no longer visible, instead two circumferential clusters formed at the sides of the developing cleavage furrow (Fig. 3D) . At telophase the bacteria became unevenly scattered within the cytoplasm of the separating daughter secondary spermatocytes (Fig. 4A) . At the end of the second telophase, when a single centrosome was found in each spermatocyte, bacteria were observed clustered at the spindle poles (Fig. 4B) . At the end of meiosis a distinct cluster of bacteria was observed close to the spermatid nucleus in correspondence to the small aster nucleated by the centrosomal material that surrounds the future basal body (Fig. 4C ).
Wolbachia localization during spermatid elongation
At the onset of the spermatid elongation process, bacteria position themselves in longitudinal rows. At this developmental stage bacteria were concentrated at the distal end of the germ cells, with some, scattered within the cytoplasm and near the nuclear region (Fig. 5A) . The number of bacteria at the distal end of the differentiating spermatids increased greatly during the elongation period and large clusters of Wolbachia accumulated in distinct cytoplasmic bags that were formed at the distal ends of the elongating axonemes (Fig. 5B) . As the elongating spermatids positioned themselves in parallel rows and the nuclei congregated at the apical end of the germ cyst cell, post-nuclear and distal Wolbachia accumulations became clearly distinct (Fig. 5C ). At the end of the elongation process both postnuclear and distal accumulations of Wolbachia were evident and pronounced (Figs. 5D and 6B), with many bacteria in the process of dividing. There was some slight variability in Wolbachia content and distribution within germ cell bundles. We found fully elongated spermatids with reduced post-nuclear and distal clusters of Wolbachia and spermatids that lacked Wolbachia (Fig. 5D) .
Spermatid elongation in DSR follows the usual pattern observed in uninfected testes of DSW males with the nuclei aligning opposite to the tails. The ring canals that connected germ cells during the growing period and meiosis form a cluster at the end of the tail. Since ring canals are formed by the stabilization of contractile rings subsequent to cytokinesis, they can be readily observed with antibodies against the kinesin-like protein encoded by pavarotti (Pav-KLP), associated with the central region of the spindle at anaphase/telophase, and required for the correct organization of the spindle during cytokinesis . Pav-KLP associates with the ring canals that form at the sites of incomplete cytokinesis in the germline cysts of both testes (Carmena et al., 1998) and ovaries (Minestrini et al., 2002) . Staining for Pav-KLP showed that, as spermatids enter the elongation process, the ring canals are driven toward the presumptive distal end of the spermatid bundle and Wolbachia were mostly localized at the proximal side of the canals, suggesting that the bacteria were impeded from crossing these structures (Fig. 6A ). This observation was confirmed by staining the distal end of more elongated spermatid cysts with rh-phalloidin (Fig. 6B) . During spermatid elongation the F-actin network reorganizes into cylindrical structures at the growing ends of the individual cells, that together form a honeycomb-like plate, like that of the fusome remnant recognized with antibodies against spectrin (Hime et al., 1996; Ghosh-Roy et al., 2004) . Wolbachia bacteria were mostly found on the proximal side of the honeycomb plate, suggesting that at best only a few bacteria cross the ring canals that link sister cells (Fig. 6B) .
Role of the ICs in clearing Wolbachia within the fully elongated spermatids
After elongation the syncytial spermatids become mature sperm cells. This process is driven by an individualization complex that translocates along the length of the spermatid bundles from the nuclei to the tail, eliminating excess cytoplasm, remodelling the minor mitochondrial derivative, and completing the uneven spermatid plasma membrane to enclose each sperm axoneme. This process is mediated by 64 distinct conical complexes, or individualization complexes (Tokuyasu et al., 1972) . Since the major component of the individualization complex is a cone-shaped actin-rich structure, we examined spermatid bundles at the end of the elongation phase, using markers for F-actin, microtubules and DNA, to more closely examine the correlation between the individualization process and Wolbachia elimination from the sperm cell. The spermatid nuclei aligned parallel to each other at the basal end of each cyst. When spermatid nuclei had partially condensed their chromatin, F-actin staining was absent or gave only a feeble signal in this region. As the chromatin condensed further and the spermatid nuclei became needle-shaped, Rh-phalloidin labelling revealed distinct thin cone-shaped structures associated with the aligned nuclear bundles, representing the actin-rich investment cones (ICs) that had just formed but had not yet begun the individualization process (Fig. 7A) . Prior to the formation of the ICs, Wolbachia bacteria were closely associated with the basis of the nuclei, but a distinct gap was observed as soon as the ICs formed (Fig. 7b) . This gap increased before the ICs moved away from the nuclei (Fig. 7B) . Subsequent to the ICs detachment from the nuclear region, the movement of Wolbachia and the ICs appeared synchronized, as if the bacteria were being pushed by the ICs. Careful examination of the ICs during their progression revealed that most of the sperm cytoplasm proximal to the nuclear region was free from bacteria, but in the region close to the ICs many bacteria could still be observed (Fig. 7C) . The activity of the ICs end with the formation of the distal waste bags at the end of each spermatid tail in which the excess cytoplasm, organelles, Wolbachia, and the ICs themselves accumulated (Fig. 7D) .
Sperm maturation defects in Wolbachia-infected males
In immature fully elongated spermatids of DSW the nuclei were aligned in register in the basal region of the testis. In infected males of DSR, however, a small fraction of fully elongated spermatid bundles showed some nuclei scattered below the nuclear region. This phenotype was detected in pre-individualization uninfected and infected spermatid bundles (Fig. 5D) .
Ultrastructural analysis was also carried out to determine whether any other morphological abnormalities were present during spermiogenesis of infected males. TEM observations showed that the Wolbachia accumulated close Fig. 4 . Localization of bacteria at the end of the meiotic cell cycles. The merged image (right hand panels) shows DNA and bacteria (red), microtubules (green). The channel showing DNA and bacteria alone is shown in the central panels, and microtubules alone in the left hand panels. At the end of meiosis I (A) and II (B) and in early spermatids (C) distinct Wolbachia clusters were seen in correspondence of the pole regions (arrows). This is more evident in late telophase II spermatocytes and early spermatids in which there is only one centriole for each pole (arrows). Scale bar: 10 lm in all panels.
to the nuclei consisted of a few bacteria contained in cytoplasmic bulges between the plasma membrane and the mitochondrial-axoneme complex (Fig. 8A) , whereas at the distal end of the axoneme many bacteria were clustered in large cytoplasmic bags (Fig. 8B) . TEM observations also confirmed that many bacteria in this region were in the process of dividing (Fig. 8B) . Alteration in the organization of the axoneme or in the structure of the mitochondrial Fig. 5 . Wolbachia redistribution during spermatid elongation. As the spermatids begin to elongate (A) bacteria become scattered in the cell cytoplasm with a more distinct accumulation at the distal end of the cell (arrows), this becomes more evident as the elongation process proceeds (B, arrows). At the midelongation stage (C), when the spermatids grouped in parallel bundles, nuclear (arrowheads) and distal (arrows) bacterial clusters are visible. Fully elongated spermatids (D), at the beginning of the individualization process, showed distinct sub-nuclear Wolbachia clusters (arrows); spermatid bundles lacking bacteria (asterisk) were also present. Note that some nuclei (arrowheads) were displaced from the apical cluster in some spermatid bundles. Scale bar: 15 lm (A); 7 lm (B); 10 lm (C,D). derivatives were not found. Moreover, a paracrystalline matrix was present within the major mitochondrial derivative in the region adjacent to the axoneme, as usually observed in uninfected flies. However, cross-sections of the spermatids that were at earlier stages of elongation, as judged by the axoneme lacking accessory tubules and by the two equally shaped mitochondrial derivatives, showed that the orientation of the mitochondrial derivatives varied in neighbouring cells (Fig. 8C, arrows) . While in testis from the uninfected DSW strain the axonememitochondrial complexes were in register and orderly arranged within the same cyst (Fig. 8D) .
More elongated spermatids, still connected by cytoplasmic bridges, could be easily recognized on the basis of their reduced cytoplasm, the presence of accessory fibres external to the axoneme, and the dark stained material accumulated within the major mitochondrial derivative in the region next to the axoneme. The axoneme-mitochondrial complexes remained randomly oriented within the elongated cysts (Fig. 8E) . We also observed elongating spermatids with two axonemes and only one mitochondrial derivative within the same cell (Fig. 8D, arrows) .
Sections of mature sperm cysts derived by infected spermatids showed that almost all the cells were individualized and highly packed, as usual in DSW uninfected testes. However, some sperm cells had not undergone complete individualization and were fused in pairs (Fig. 8E, arrows) .
We also found isolated axonemes immersed in a large amount of cytoplasmic ground substance (insect Fig. 8F , arrow) or mitochondria without axonemes (Fig. 8F,  arrowheads) .
Discussion
Our investigations confirm and extend previously published observations, regarding the presence and distribution of Wolbachia in both spermatocytes and elongating spermatids of D. simulans (Bressac and Rousset, 1993; Clark et al., 2002) , and furthermore clarify some aspects of Wolbachia localization during both spermatogenesis and spermiogenesis. The study herein confirmed that Wolbachia bacterial infection, decreases within male germ cells with the onset of age (Bressac and Rousset, 1993; Clark et al., 2003) . However, we also detected a surprising shift between the number of Wolbachia found in spermatogonia at the beginning of the second instar larval stage and those found in S1 spermatocytes (Table 1 and Fig. 1A and B) . Namely, that spermatogonial cells contained low numbers of infected cells that were not predictive of the high levels of infected cells subsequently found in S1 spermatocytes (Fig. 1C) . This discrepancy between earlier published results and those found in this work, could be attributed to the different techniques used to prepare the material prior to conducting observations. As Clark et al. (2003) pointed out it is, indeed, difficult to resolve individual infected cysts in whole mount preparations, whereas it is easier to resolve Wolbachia within single cells in slightly squashed fluorescence preparation as those used for our observations.
The high numbers of bacteria detected in S1 spermatocytes could possibly be derived from two different sources: as a result of the augmentation of bacteria inherited via post-mitotic spermatogonia and/or by recruitment from surrounding somatic cells. If the former occurs, the observation of few if any Wolbachia in dividing spermatogonia followed by high Wolbachia densities within S1 primary spermatocytes could be explained if we postulate a very narrow period of time for Wolbachia proliferation at the transition between the end of spermatogonial mitoses and the beginning of spermatocyte growth. The latter hypothesis can be supported by the observation of high Wolbachia density within somatic cells that surround the tip of the testis, which can function as a source of bacteria that can reach the germ cells. Somatic stem cells (SSC) have been recently identified as an abundant and stable source of Wolbachia, and from the SSC, bacteria have been observed to ultimately migrate into female germline cells (Frydman et al., 2006) . Our observations do not permit a discrimination between these two hypotheses, it may be possible that both pathways contribute to some extent to the increase of Wolbachia numbers in S1 spermatocytes.
However, our observations do indicate that horizontal transfer between daughter cells within cysts could not be the major means of Wolbachia movement through the germ line. TEM and immunofluorescence observations failed to reveal Wolbachia through the cytoplasmic bridges, suggesting that the membrane rich fusome could exert an obstacle for bacteria diffusion, rather than a facile route to reach neighbouring germ cells. This is consistent with the findings that when bacteria increased in number during spermatid elongation they were mostly found at only one side of the ring canals, as if they were unable to cross these structures. This agrees with the finding that Wolbachia did not associate with germ-cell cyst fusomes in the Drosophila germarium (Ferree et al., 2005) .
Moreover, our data on Wolbachia levels during larval and pupal stages suggests that decreases in bacteria numbers within dividing spermatogonia is not the primary reason for the decrease of infection with age. Wolbachia were found to be rare or lacking in spermatogonia cells already by the second instar. We propose that the decrease in Wolbachia numbers within germ cells may be attributed to a reduced preference with age for the germ cell environment, resulting in decreased bacteria proliferation and numbers in spermatocytes and spermatids.
It has been shown that Wolbachia associates with astral microtubules during syncytial mitoses of the early Drosophila embryo, but not interpolar or kinetochore microtubules (Callaini et al., 1994; Lassy and Karr, 1996) . Presumably the astral microtubules that sequester bacteria from the surrounding cytoplasm play a main role in Wolbachia inheritance from daughter nuclei during the syncytial mitoses in the absence of the plasma membrane. Moreover, Wolbachia localization in Drosophila egg chambers is microtubule dependent and its dynamics in the oocyte presumably requires dynein, although the bacteria do not seem to co-localize with the highest concentration of this motor complex (Ferree et al., 2005) . Our observations indicate a complex process of Wolbachia transfer/relocalization/redistribution through the cytoplasm of dividing spermatocytes. During prometaphase and late telophase the bacteria are preferentially localized close to the distal ends of the astral microtubules, as in mitosis, but during metaphase and anaphase the bacteria are localized in a distinct equatorial cluster in correspondence of the spindle mid-zone. These observations suggest that bacteria can accumulate at the microtubule plus end. This association might explain why most of the bacteria segregate at the distal end of the elongating spermatids, where the plus ends of the growing cytoplasmic microtubular bundles are localized. Moreover, Wolbachia segregation can be unequal among sister cells, and in some cases a daughter cell may inherit few to no bacteria. This asymmetric partitioning raises the question of whether Wolbachia movements throughout the cell cytoplasm rely strictly on its capacity to associate with the microtubule network.
Can the presence of Wolbachia through the fully elongated spermatid hamper or delay the individualization process? The absence of bacteria in mature sperm and their presence in waste bags demonstrates that Wolbachia is successfully eliminated from spermatid tails and that it is not likely to hinder the progression of ICs. However, TEM analysis allowed us to recognize some sperm cyst abnormalities at the end of the maturation process, in the form of fused sperm pairs, randomly oriented axoneme-mitochondrial complexes, isolated axonemes, and residual ground cytoplasmic substances through the individualized cysts. These findings, which are not observed in uninfected DSW, phenocopy the effect of some mutations in the individualization process of D. melanogaster (Fabrizio et al., 1998) and indicate that the progression of the individualization complexes within maturing cysts could in part be affected by the presence of high numbers of bacteria in the spermatid cytoplasm. The spatial obstruction resulting from the presence of the bacteria may cause the random orientation of the axoneme-mitochondrial complexes. In order to be competent for fertilization each spermatid must be enclosed in its own membrane, incompletely individualized sperm cells will not be functional. The spermatid individualization defects observed might in part explain the reduced rate of sperm production that has been observed in infected males (Snook et al., 2000) . We also observed a small fraction of nuclei scattered along the length of both infected and uninfected fully elongated spermatid cysts. A similar phenotype of scattered nuclei is reminiscent of that found in several D. melanogaster male sterile mutants in which genes encoding for proteins associated with the cytoskeleton or involved in general regulatory pathways are affected (Fabrizio et al., 1998; Mermall et al., 2005) . Our data does not permit us to make a connection between these genes and Wolbachia infection. However, sperm nuclei that have been displaced from the apical region during spermatid elongation have also been observed subsequent to the overexpression of the D. simulans nonmuscle myosin II gene zipper that leads to a phenotype which mimics cytoplasmic incompatibility (Clark et al., 2006) .
The position of ICs and Wolbachia distribution within the fully elongated spermatid suggest that the individualization process mainly depends on the movement of the ICs, but the successful execution of this process might not rely solely on the pushing action of the ICs. When spermatid elongation is completed a large Wolbachia cluster is seen close to the nuclear region. As the spermatid nuclei become needle-shaped and the actin cones make their appearance, the Wolbachia cluster shifts posteriorly as if the bacteria were being pushed away from the nuclei by the ICs. However, the ICs remain associated with the nuclear region and only begin to move at this time. Moreover, a large gap between the bacteria cluster and the ICs has been found. This would appear to rule out a direct interaction between actin cones and bacteria. As the ICs translocate along the length of the spermatid bundles, progressing down from the nuclei to the tail, Wolbachia is effectively removed during the process of cyst individualization. However, not all the bacteria are squeezed out in the cytoplasmic bulge that forms as the actin cones move down the spermatid cyst, many bacteria can still be found at the apical side and are removed after the transit of the individualization complex. This observation is in contrast with the general idea that the clearing of maturing spermatids is directly due to actin cones that push down most of the spermatid cytoplasm and its content to form a cytoplasmic bubble or cystic bulge at their transit. We found many bacteria localized at the apical side of the individualization complexes, a region that until now has been retained to be free of cytoplasmic organelles. However, the region proximal to the nuclei, the cyst cytoplasm did not contain bacteria. This suggests that the cleaning of Wolbachia from the cytoplasm, is not directly driven by the actin cones alone, but, that the transit of these structures might trigger related mechanisms or cell remodelling leading to the translocation of bacteria toward the sperm tail and finally into the waste bag. Since Wolbachia dynamics have been demonstrated to be linked with the microtubule cytoskeleton in both interphase and cell division, it is possible that microtubules can also play a role in bacteria displacement during the movement of ICs. Elongating spermatids display, many parallel cytoplasmic microtubules that surround the mitochondrial derivatives along the tail. The proximal (minus) ends of these microtubules progressively depolymerise as the ICs run throughout the tail (Tokuyasu et al., 1972) . It is possible that the progressive Wolbachia segregation towards the distal end of the spermatids also relies on the gradual shortening of microtubules, rather then solely on the movement of ICs.
The high Wolbachia density seen at both the distal and proximal ends of the elongating spermatids could be explained as the result of a high replication rate of bacteria in a favourable area. Wolbachia need nutrients from the host to replicate and synthesize their host-derived outer membrane. The opposite ends of spermatids could be a region where bacteria might easily find and utilize host factors for their proliferation. It is likely that both postnuclear and terminal regions of spermatids play a main role in cell elongation (Ghosh-Roy et al., 2005) , and that membrane vesicles and other host factors may be abundant at these sites.
The observation that there is a high number of uninfected germ cells in late pupal stages and just emerged adults raises the question of how Wolbachia can induce severe CI in a Drosophila line such as DSR. It has been suggested that infected males can produce two sperm types (Bressac and Rousset, 1993) : incompatible (from infected cysts) and compatible (from uninfected ones). Although subtle differences in the chromatin state could not be detected by our morphological analysis, we did not distinguish cysts in such categories in our immunofluorescence observations. Rather we found that just-emerged males had 10-15% uninfected fully elongated spermatids, and that 50% of mosaic cysts during meiosis I and II were composed of 70-90% uninfected spermatid cells. This is in contrast with the observation that only 3-4% viable embryos were found in crosses between infected young males and uninfected females and our results) . It has been proposed that, infected sperm derived from mosaic cysts in which there are both infected and uninfected germ cells, could be modified by factor(s) released by bacteria in infected cell, which can cross the cytoplasmic bridges, reaching the nuclei of uninfected cells (Clark et al., 2002) . However, we have determined that there exist germ cell cysts that are devoid of Wolbachia. One way in which we can reconcile the small fraction of viable embryos in CI crosses with the presence of high numbers of sperm derived from uninfected cysts is to hypothesize the existence of a diffusible factor released by Wolbachia that can spread from the infected cells through the whole testis and reach the cysts that are devoid of bacteria.
The finding that host nuclei are not aligned at the tips of both infected and uninfected elongated spermatids is another observation which indicates that all cysts regardless of presence of Wolbachia could be subject to modification by a diffusible agent. Our observations lead us to question how sperm derived from germ cells that can be uninfected and heterogenously infected with Wolbachia can result in crosses with high CI. Both bacterial density within testis (Boyle et al., 1993; Giordano et al., 1995; Bourtzis et al., 1996; Poinsot et al., 1998) and total amount of infected germ cell cysts (Clark et al., 2003) have been proposed to play a pivotal role in CI expression. Our findings that CI is almost complete despite the presence of several uninfected fully elongated spermatid cysts in just emerged males, suggest that the total number of Wolbachia within whole testis could be the factor that determines the modification of the sperm's chromatin, rather than the number of infected single cysts within a testis.
Experimental procedures
Strains
Drosophila simulans Riverside (DSR) and Drosophila simulans Watsonwille (DSW) strains were obtained from Dr. Michael Turelli, University of California, Davis, CA, USA. Flies were raised on standard Drosophila medium in 200-ml plastic containers at 24°C. These stocks were maintained in the following manner: new cultures were established with approximately 30-40 flies and allowed to oviposit for 1 week after which the adults were removed. Adult progeny was then used to continue the stocks in this manner in perpetuum. Male meiotic stages were obtained by dissecting testes from larvae, white and older pupae, pharate adults, just emerged and 5-10-15 day old males.
Reagents
A mouse monoclonal anti-b-tubulin (Boehringer, Mannheim, UK) was used at a 1:200 dilution; a rabbit anti-Pav-KLP polyclonal Rb3301 at 1:100. Goat anti-mouse or anti-rabbit secondary antibodies coupled to fluorescein or rhodamine (Cappel, West Chester, PA) were used at 1:600 dilution. DNA was visualized with Hoechst 33258 (Sigma, St. Louis, MO). The actin cytoskeleton was visualized with rhodamine-phalloidin (Molecular Probes, Eugene, OR) prepared by dissolving 10 ll of vacuum-dried methanol stock solution in 100 ll PBS.
Immunofluorescence preparations
Immunostaining of testes from larvae, pupae, newly-eclosed, and older males was performed by either the methanol/acetone or the ethanol/formaldehyde fixation method (Glover and Gonzalez, 1993; Cenci et al., 1994; Hime et al., 1996) . Briefly, testes were dissected in phosphate-buffered saline (PBS) and placed in a small drop of 5% glycerol in PBS on a glass slide. Testes were squashed under a small cover glass and frozen on a copper bar pre-cooled in liquid nitrogen. After removal of the coverslip the squashed samples that adhered to the slides were immersed in methanol for 10 min at À20°C and in acetone for 5 min at À20°C. Squashed preparations are more effective in being able to visualize staining of structures present at low levels than whole mount preparations where some stained entities could be positioned in different focal planes and thus not detected.
For localization of microtubules and Pav-KLP, the frozen samples were fixed in methanol at À20°C. Testes were washed 15 min in PBS and incubated for 1 h in PBS containing 0.1% BSA (PBS-BSA) to block non-specific staining. The samples were incubated overnight at 4°C with the specific antisera against Pav-KLP and then with anti-b-tubulin antibody for 4-5 h at room temperature. After washing in PBS-BSA the samples were incubated for 1 h at room temperature with the appropriate secondary antibodies.
For simultaneous localization of actin and tubulin the frozen testes were immersed 7 min in cold ethanol and 10 min in 4% paraformaldehyde. After washing in Triton 0.2% in PBS the samples were incubated with antib-tubulin antibody for 1 h at room temperature. Samples were then washed in PBS-BSA and incubated 1 h in the appropriate secondary antibody to which rhodamine-labelled phalloidin was added.
In all cases DNA was visualized with incubation of 3-4 min in Hoechst. Testes were mounted in small drops of 90% glycerol containing 2.5% n-propyl gallate.
The fluorescent images were taken by using an Axio Imager Z1 (Carl Zeiss) microscope equipped with an HBO 50-W mercury lamp for epifluorescence and with an AxioCam HR cooled charge-coupled camera (Carl Zeiss). Gray-scale digital images were collected separately and then pseudo-coloured and merged using Adobe Photoshop 7.0 software (Adobe Systems).
Transmission electron microscopy
Testes dissected in PBS from larvae, pupae, young (1-to 2-day-old) and old (15-to 20-day-old) adult males were fixed overnight at 4°C in 2.5% glutaraldehyde in PBS. After rinsing 30 min in PBS the material was post-fixed 2 h in 1% osmium tetroxide in PBS. After extensive washing in distilled water the samples were dehydrated in a graded series of alcohols, embedded in an Epon-Araldite mixture and polymerized at 60°C for 48 h. Ultrathin sections obtained with a LKB Nova ultramicrotome were collected on copper grids and stained with uranyl acetate and lead citrate. Sections were observed with a Philips CM10 electron microscope.
